A lthough the existence of cancer stem cells (CSCs) was first proposed Ͼ40 years ago (1, 2) , only in the past decade have these cells been identified in hematological malignancies and, more recently, in solid tumors that include breast, prostate, brain, and colon (3) . Exploration of the difference between CSCs and normal stem cells is crucial not only for the understanding of tumor biology but also for the development of specific therapies that effectively target these cells in patients (4) . Yet, the origin of CSCs and the mechanisms by which they arise remain elusive. For tumors containing a subpopulation of CSCs, there are at least two proposed mechanisms for how the CSCs could have arisen: oncogenic mutations that inactivate the constraints on normal stem cell expansion or, alternatively, in a more differentiated cell, oncogenic mutations could generate continual proliferation of cells in cell cycle that no longer enter a postmitotic differentiated state, thereby creating a pool of self-renewing cells in which further mutations can accumulate. The plasticity of such cells is reflected by recent studies where pluripotent stem cells could be induced from embryonic or adult fibroblasts by introducing four factors, Oct3/4, Sox2, c-Myc, and Klf4, under embryonic stem cell culture conditions (5) . Potentially biologically significant pathways that modulate these stem/ progenitor cells in cancer tissues could be identified through dual roles in embryonic stem cell development and tumor activation or suppression (4).
Multiple signaling networks orchestrate the development and differentiation of embryonic stem (ES) and somatic stem cells into functional neuronal, hematopoietic, mesenchymal, and epithelial lineages. Among these, the signaling mechanisms activated by TGF-␤ family proteins have emerged as key players in the selfrenewal and maintenance of stem cells in their undifferentiated state, the selection of a differentiation lineage, and the progression of differentiation along individual lineage (4) . Through gene knockout experiments and observation of ES cells, TGF-␤-family proteins have emerged as bifunctional regulators of the maturation of cells in each of the lineages mentioned above and as suppressors of carcinogenesis (6) . When TGF-␤ signaling is disrupted, the imbalance can result in an undifferentiated phenotype, and cancer may ensue (7) . TGF-␤-family signals are conveyed through two types (types I and II) of transmembrane receptor serine-threonine kinases, which form a complex at the cell surface. Ligand binding to this complex induces a conformational change that results in phosphorylation and activation of type I receptors by type II receptors. Activation of Smad transcription factors ensues and results in their nuclear translocation and activation or repression of gene expression.
Smad activation is modulated by various receptors or Smadinteracting proteins that include ubiquitin and small ubiquitinrelated modifier (SUMO) ligases and multiple adaptor proteins that include Smad anchor for receptor activation (SARA), filamin, and ELF. ELF, a ␤-spectrin, first isolated from foregut endodermal stem cell libraries, is crucial for the propagation of TGF-␤ signaling (8) . Specifically, ELF associates with Smad3 presenting it to the cytoplasmic domain of the TGF-␤ Type I receptor complex, followed by heteromeric complex association with Smad4, nuclear translocation, and target gene activation (9) . Depending on the differentiated state of the target cell, the local environment, and the identity and dosage of the ligand, TGF-␤ proteins promote or inhibit cell proliferation, apoptosis, and differentiation. TGF-␤-family signaling is most prominent at the interface between development and cancer in gut epithelial cells. Inactivation of at least one of the TGF-␤ signaling components (such as the TGF-␤ receptors, Smad2 or Smad4) occurs in almost all gastrointestinal tumors (7, 10) . Smad2 ϩ/Ϫ /smad3 ϩ/Ϫ double heterozygous and elf Ϫ/Ϫ homozygous mice all showed defective liver development, and elf ϩ/Ϫ mice are now observed to develop dramatic spontaneous HCCs. Genetic studies thus identify TBRII and ELF as functional suppressors of HCC formation (11) .
Development of HCC occurs through progression of liver injury initiated by chronic hepatitis, extensive alcohol intake, or toxins, sequentially resulting in liver cirrhosis, dysplastic lesions, and finally, invasive liver carcinoma (12) . Recent studies suggest these agents can target liver progenitor cells [oval cells in rodents and hepatic progenitor cells (HPC) in humans], leading to their expansion and transformation (13, 14) . A considerable proportion of HCCs express one or more HPC marker not present in normal, mature hepatocytes (15, 16) . Similarly, HPCs occur in HCC precursors such as small cell dysplastic foci and hepatocellular adenoma (17) . These findings suggest that human liver tumors can be derived from hepatic stem cells rather than from mature cell types.
In this report, evidence suggests that human HCC could arise as a direct consequence of dysregulated proliferation of hepatic progenitor cells in a setting where TGF-␤ has been disrupted. Using human HCC and mouse genetic models, we show that lesions in the TGF-␤ pathway normally result in a ''homeostatic'' activation of the IL-6 pathway, that appears to be critical to the development of hepatic cancer.
Results
Hepatic Stem Cells Are Found in Normal Liver and HCCs. To search for hepatic stem cells, we studied five patients with monthly posttransplantation liver biopsies. Living donor liver transplantation offers a unique opportunity to examine the regeneration of the human liver, a process presumed to involve the recruitment of hepatocytes and later, hepatic progenitor cells (18) . The surgical procedure involves resection and transplant of a lobe representing 55-60% liver mass from a donor to a recipient, which, by 3 months, grows to 85% of original mass (19) . We hypothesized that, at the end of liver regeneration, there would be an expanded population of liver progenitor/stem cells that were long-term label-retaining (20) . A broad microarray and protein analysis approach led us to focus on 40 proteins to be further characterized by immunohistochemical and confocal immunofluorescence labeling of living donor livertransplanted and human HCC tissues. We ultimately directed our search for cells expressing five of these proteins: Oct4, Nanog, Stat3, TBRII, and ELF. Both Oct4 (21) and Nanog (22) have been shown to be expressed in embryonic and pluripotent stem cells; Stat3 appears to be essential for embryonic visceral endoderm development and for self-renewal of pluripotent embryonic stem cells (23, 24) ; both TBRII and ELF have been implicated in early embryonic development of the foregut and in endodermal malignancies (9) . Serial sections were examined by immunohistochemistry to help determine the local microscopic anatomy of the visualized cells (i.e., relationship to portal structures, etc.) and the number of cells comprising the cluster. We identified a cluster of two to four cells out of the entire 30,000-to 50,000-cell population of living donor liver-transplanted specimens that expressed Stat3, Oct4, and Nanog and TGF-␤ signaling proteins, TBRII and ELF. These cells, in supplemental models, also stained positively for both a hepatocytic cell lineage marker, albumin, and a cholangiocytic cell lineage marker, cytokeratin-19 (CK19), along with phosphorylated histone H3, a marker for active proliferation [Figs. 1 and 2 A-D; supporting information (SI) Figs. 5 and 6] (20). These putative progenitor/stem cells were generally found localized in the portal tract region surrounded by a ''shell'' of six to seven cells expressing TBRII, ELF, and albumin, but not Nanog or Oct4, reflecting a more differentiated phenotype ( Fig. 2 A-D and SI Fig. 6 ). These findings, together with the known role of the TGF-␤ signaling pathway in liver development, led us to hypothesize that: (i) these Stat3 ϩ , Oct4 ϩ , Nanog ϩ , TBRII ϩ , and ELF ϩ cells represent the progenitor/ stem cell pool that becomes activated during the regenerative process; and (ii) TBRII and ELF may be involved in the initiation of hepatocyte differentiation of Stat3 ϩ /Oct4 ϩ progenitor/stem cells. To our knowledge, the demonstration of a hepatic progenitor/ stem cell in postembryonic human liver is previously undescribed.
Ablating TGF-␤ Signaling Results in Spontaneous HCCs. Our observations demonstrating the presence of TGF-␤ signaling components TBRII and ELF in human hepatic stem cells led us to explore the impact of these components of the TGF-␤ pathway on liver development and tumorigenesis. As we have reported, mice homozygous for elf (elf Ϫ/Ϫ ) undergo midgestational death with hypoplastic livers (9) . Heterozygous elf ϩ/Ϫ mice, however, spontaneously developed tumors of the liver with an incidence of 40% (SI Fig. 7) . Liver lesions included early centrilobular steatosis and dysplasia in most sections, with nuclear disarray and stratification, mitosis and apoptosis, proceeding to poorly differentiated carcinoma (SI Fig. 7 A and E-H). We hypothesized that the interruption of the TGF-␤ pathway resulted in hepatocellular carcinoma through disruption of a normal pattern of cellular differentiation by hepatic progenitor/stem cells.
We examined human HCC tissue specimens from 10 individuals. In 9 of the 10 HCC tissues, we observed a small strongly positive cluster of three to four Oct4 ϩ cells that was negative for TBRII and ELF (Fig. 2 E-J and SI Fig. 8 ). Cells with this phenotype were never observed during our surveys of either normal liver or of biopsies from regenerating organs. We speculate that these Stat3 ϩ /Oct4 ϩ -positive human HCC cells that have lost TGF-␤ signaling proteins have the potential to give rise to HCCs (Fig. 2 K-P) . To obtain a molecular signature of hepatic cancer that arises when TGF-␤ signaling is inactivated and to define the intracellular pathways that are engaged, we performed a series of microarray and proteomic analyses in elf ϩ/Ϫ , elf ϩ/Ϫ /itih4 Ϫ/Ϫ , and itih4 Ϫ/Ϫ tissues. Significantly increased expression of the IL-6/Stat3, WNT, and CDK4 signaling pathways was observed (Fig. 3 A and B; SI Figs. 9 A-F and 10 B and E and SI Table 1 and data not shown). The previously described association of increased IL-6 signaling activity in hepatic tumorigenesis (25, 26) led us to focus our attention on the IL-6 pathway.
Down-Regulation of the IL-6 Pathway by itih4 ؊/؊ Ablation Inhibits HCC Formation. How might the increased activity of the IL-6 pathway in HCC associated with impaired TGF-␤ signaling be linked to the cancer phenotype? We hypothesized that the increased activity of the IL-6 pathway, occurring in hepatic progenitor/stem cells lacking competent TGF-␤ circuitry, directly resulted in disturbed growth and differentiation of these liver precursors. To test the hypothesis that the increased activity of the IL-6 pathway was a critical step in tumorigenesis and not a consequence, we attempted construction of a mouse defective in IL-6 signaling on a heterozygous elf background. However, stat3-null mice are embryonic lethal, and IL-6 null mice were similarly too fragile to intercross to obtain a homozygous IL-6-null on a heterozygous elf background (27, 28) .
We recently engineered a mouse in which the gene for IL-6 regulated protein, itih4, has been deleted (29) . ITIH4 is a member of a liver-restricted serine protease inhibitor family, expressed in hepatoblasts, and is a biomarker of foregut cancers of uncertain function (30) (31) (32) . Mice homozygous for the itih4 mutation (itih4 Ϫ/Ϫ ) are normal and fertile, suggesting that the itih4 mutation does not show dominant effects (Fig. 3 C-E) . Surprisingly, however, IL-6/Stat3 signaling is one of the most significantly suppressed pathways we detected in the itih4 Ϫ/Ϫ liver tissues (Fig. 3 A, B , and E; SI Figs. 5 and 6 and SI Table 1 ), far more than the WNT or CKD4 pathways. Interestingly, hepatocytes remained well differentiated in the itih4 Ϫ/Ϫ mice. We suspect that ITIH4, an acute-phase protein, might be associated in a positive-feedback loop with IL-6 (33-35), a regulatory property that characterizes several acute-phase gene products.
To explore the role of IL-6 activation in HCC associated with ELF deficiency, we generated mouse intercrosses between elf ϩ/Ϫ mice and itih4 Ϫ/Ϫ mice ( Fig. 3 C and D ). An examination of elf ϩ/Ϫ /itih4 Ϫ/Ϫ mice for tumor development revealed that only 1 of 25 (4%) elf ϩ/Ϫ /itih4 Ϫ/Ϫ mice developed HCC, compared with 10 of 25 (40%) elf ϩ/Ϫ mice that developed HCC (Fig. 3F) . The tumor that developed in the elf ϩ/Ϫ /itih4 Ϫ/Ϫ mouse was 0.4 cm 3 in size, small compared with the larger 3-to 4-cm 3 tumors seen in the elf ϩ/Ϫ mice (Fig. 3F) .
Microarray profiles of itih4 Ϫ/Ϫ and elf ϩ/Ϫ /itih4 Ϫ/Ϫ liver tissues indicated a significant suppression of IL-6 signaling ( Fig. 3 A and B and SI Table 1 ). Similarly, immunoblot and immunohistochemical analyses showed that expression of IL-6/Stat3 is decreased in the itih4 Ϫ/Ϫ and elf ϩ/Ϫ /itih4 Ϫ/Ϫ liver tissues (SI Figs. 9 and 10), whereas, in contrast, IL-6 is activated in elf ϩ/Ϫ mice (SI Table 1 ). Stat3 phosphorylation is also dramatically decreased in the itih4 Ϫ/Ϫ and elf ϩ/Ϫ /itih4 Ϫ/Ϫ liver tissues (Fig. 4 A-D and SI Fig. 9 ). The disruption of IL-6/Stat3 signaling in the liver tissues of elf ϩ/Ϫ /itih4 Ϫ/Ϫ mutant liver tissue was similar to that seen in the itih4 Ϫ/Ϫ liver tissues.
Consistent with the results obtained in mice, we demonstrated marked elevation of expression of Stat3, p-Stat3, and ITIH4 by immunohistochemistry in human HCC tissues (Fig. 4 E-H; SI Fig.  11 and SI Table 1 ). In addition, markedly increased Stat3 and p-Stat3 expression was observed in SNU-398 cells derived from a human HCC cell line that does not express TBRII and ELF (SI Fig.  12 ). These data support our hypothesis that increased IL-6 signaling characterizes human HCC. TGF-␤ pathway is disrupted? Immunohistochemical analysis of epithelial proliferation by labeling the mouse liver tissues with antibody specific to p-histone H3 (Ser 10 ) showed a significant decrease in the mitotic labeling in itih4 Ϫ/Ϫ (SI Fig. 13B ) and elf ϩ/Ϫ /itih4 Ϫ/Ϫ (SI Fig. 13C ) mutant liver tissues compared with normal wild-type and elf ϩ/Ϫ epithelium (SI Fig. 13 A and D) . This suggests that hepatocyte proliferation is inhibited in the TGF-␤-inactivated state by the disruption of itih4 and, therefore, that IL-6 by some mechanism increases the proportion of proliferating hepatocytes in the absence of TGF-␤. Suppression of the IL-6/Stat3 pathway and TGF-␤ signaling in elf ϩ/Ϫ /itih4 Ϫ/Ϫ cells might be expected to impact on hepatocyte apoptosis (25, 36) . Epithelial apoptosis in the mouse liver tissues was examined by using the apoptotic marker, anti-active Caspase-3. In wild-type control mice, apoptosis was noted in hepatocytes (SI Fig. 13E ), but few apoptotic cells were seen in itih4 Ϫ/Ϫ and elf ϩ/Ϫ mice compared with elf ϩ/Ϫ /itih4 Ϫ/Ϫ mutant liver tissue (SI Fig. 13  F-H) . We conclude that impairment of TGF-␤ signaling in liver results in suppression of apoptosis, which can partially be restored by an increase in the IL-6 pathway. In a setting where both the IL-6 and TGF-␤ circuits are defective, normal apoptosis is physiologically depressed.
Discussion
Clonal studies indicate that hepatocarcinogenesis arises from dysfunctional liver stem cells, and this is further supported by transformation of p53-null hepatic progenitor cells that give rise to HCC (37) . A considerable proportion of HCCs express one or more HPC markers, and both hepatocyte and biliary cell markers such as albumin, CK7, and CK19 that are not present in normal mature hepatocytes (15, 16) . HCCs that express these HPC markers carry a significantly poorer prognosis and higher recurrence after surgical resection and liver transplantation (38) . Fifty-five percent of small dysplastic foci (Ͻ1 mm in size), early premalignant lesions, are comprised of progenitor cells and intermediate hepatocytes (39) . Indeed, progenitor-like side populations of Huh7 and PLC/PRF/5 cells (human HCC cell lines), with hepatocytic and cholangiocytic lineages, give rise to persistent aggressive tumors upon serial transplantation in immunodeficient NOD/SCID mice (40) .
In this study, we demonstrate the cluster of two to four putative progenitor/stem cells per 30,000-50,000 cells in regenerating liver; expressing stem cell markers Stat3, Oct4, and Nanog; and TGF-␤ signaling proteins TBRII and Smad adaptor protein, ELF, and progenitor cell markers by labeling for both hepatocytic cell lineage markers (albumin) and cholangiocytic cell lineage markers (CK19), along with phosphorylated histone H3, a marker for active proliferation. These putative progenitor/stem cells are generally found localized in the portal tract region surrounded by a ''shell'' of six to seven cells expressing TBRII, ELF, and albumin, but not Nanog or Oct4, the latter reflecting a more differentiated phenotype, further supporting the role of the progenitor cell in self-renewal and differentiation. We observed small strongly positive clusters of Oct4 ϩ cells that were negative for TBRII and ELF in HCCs (Fig.  2 E-J and SI Fig. 8 ). Given the important role of TGF-␤ signaling in liver development and in suppression of hepatocarcinogenesis supported by genetic studies, the Stat3 ϩ /Oct4 ϩ -positive human HCC cells that have lost TGF-␤ signaling proteins are likely the HCC progenitor/stem cells that give rise to HCCs. We suggest that these ''tumorigenic'' progenitor cells might potentially be attractive targets for therapeutic intervention in HCC.
Several TGF-␤ signaling components are bona fide tumor suppressors with the ability to constrain cell growth and inhibit cancer development at its early stages. Inactivation of at least one of these components (such as the TGF-␤ receptors, Smad2, or the common mediator Smad4) occurs in almost all gastrointestinal tumors (6, 10, 41) . For example, the early embryonic lethality in smad4 Ϫ/Ϫ mice is consistent with the role of Smad4 in normal gut endoderm development. However, the specific roles of the TGF-␤ pathway in vivo human progenitor systems are unknown. As illustrated in this study, changes in TGF-␤ signaling drive the selection of defined differentiation pathways and their progression of differentiation in liver tissue.
Deregulation of TGF-␤ signaling may contribute to impaired differentiation and allow for the development of cancers, linking the differentiation of stem cells with suppression of carcinogenesis. In addition to the loss of TGF-␤ signaling that occurs in HCC, development of this cancer appears to require IL-6. In turn, increased ITIH4, an IL-6 target, appears to be a critical mediator of hepatocarcinogenesis (see schematic in SI Fig. 14) . Therefore, this study reveals a surprising and important functional role of the serine protease inhibitor ITIH4 in hepatocellular transformation, previously identified as an IL-6 regulated biomarker for cancers of the foregut with no known function. Further support comes from current therapeutics in cancer that involve successful strategies at blocking IL-6 signaling (42). Modulation of IL-6 signaling in cancer progenitor cells may provide an important approach for new therapeutics in cancers with poor prognosis such as HCC.
Experimental Procedures
Construction of the Targeting Vector and Generation of Mice Carrying Mutations. Targeting vector. Recombinant phage-containing genomic DNA of the itih4 locus was isolated from a 129/SvEv mouse library by using PK7R, a piece of itih4 cDNA, as a probe. The finished construct, p-itih4Neo, is shown in Fig. 3C . This targeting strategy deletes a 1.8-kb SmaI-ClaI fragment that contains the second and third exons of the itih4 gene. Homologous recombination in ES cells and generation of germ-line chimeras. TC1 ES cells were transfected with NotI digested p-itih4Neo and selected with G418 and FIAU. ES cell clones that were resistant to both G418 and FIAU were picked and analyzed by Southern blotting for homologous recombination events within the itih4 locus (Fig. 3D) . Details are in SI Text.
Confocal Laser-Scanning Immunofluorescence Microscopy. Colocalization studies were performed with anti-ELF, -Stat3, and -Oct4 by using human regenerating liver and HCC tissues. Normal wild-type, elf ϩ/Ϫ , itih4 Ϫ/Ϫ , and elf ϩ/Ϫ /itih4 Ϫ/Ϫ mutant livers and HCC tissues were also used for the confocal microscopy. Peptidespecific monoclonal mouse and rabbit polyclonal primary antibodies were visualized with tetramethyl rhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG or FITC-conjugated goat anti-mouse IgG. Samples were analyzed with a Bio-Rad MRC-600 confocal microscope (Bio-Rad), with an ILT model 5470K laser (Ion Laser Technology) as the source for the crypton-argon ion laser beam.
Generation of Mouse Embryo-Derived Fibroblasts (MEFs).
MEFs harboring the null-allele elf and itih4 and wild-type were derived as described (9) .
Immunoblot Assay. For assaying endogenous TBRII, ELF, ITIH4, IL-6, Stat3, pStat3, protein lysates of human HCC cells (SNU-182 (CRL-2235), SNU-398 (CRL-2233), and SNU-449 (CRL-2234) (American Type Culture Collection), MEFs, and normal wildtype, elf ϩ/Ϫ , itih4 Ϫ/Ϫ , and elf ϩ/Ϫ /itih4 Ϫ/Ϫ mutant liver and HCC tissues were immunoblotted with the indicated antipeptide or antiphospho-specific antibodies (Santa Cruz Biotechnology, Invitrogen, and Abcam).
Histological Analysis and Antibody Staining. Mice exhibiting overt pathological signs were killed and underwent autopsy. Normal liver and HCC tissues were dissected, fixed with 4% paraformaldehyde, dehydrated, embedded in paraffin, and sectioned at 6 m. Sections were stained with H&E or subjected to immunohistochemical analysis with antibodies. Immunohistochemical staining was performed with primary antibodies against ELF, Oct4, ITIH4, Stat3, pStat3, pHistone H3 (Ser 10 ), and Caspase-3 (Santa Cruz Biotechnology, Invitrogen, Promega, and Abcam).
Detection of Proliferating Cells. Proliferating cells were labeled with BrdUlabeling and detection kit (Invitrogen). BrdU (1 ml/100 g of body weight) was injected (i.v.) into 18.5-day postcoitum pregnant mice and 4 h later, fetal stomachs were fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned at 6 m. The proliferating cells were also identified by anti-pHistone H3 (Ser 10 ) mitotic marker labeling.
Detection of Apoptotic Cells. Apoptotic cells were detected by the TUNEL method with a MEB STAIN Apoptosis Kit Direct (MBL, 8445) and with antiCaspase3 antibody (Promega). Tissues were then fixed and analyzed by using immunofluorescence microscopy.
Tumor Cells and Tissues. Elf ϩ/Ϫ mice were intercrossed with itih4 Ϫ/Ϫ mice to obtain elf ϩ/Ϫ /itih4 Ϫ/Ϫ mice. Liver and HCC tissues were collected and cultured as described (43) . Two different elf ϩ/Ϫ HCC cancer cell lines were tested in different experiments, and the results obtained were also independent of passage number. Representative data are shown. The diagnosis of paraffin-mounted tissue biopsies from human HCC and normal liver were microscopically confirmed by pathologists, and an indirect immunoperoxidase procedure was used for immunohistochemical localization of Oct4, TBRII, and ELF protein as described above.
Microarray. Custom-designed 44K human 60-mer oligo microarrays (Agilent Technologies) were used for the array experiments. Total RNA was extracted from mouse liver and HCC tissues and MEFs by using RNeasy kit (Qiagen).
